A field study was carried out at the Experimental Farm of Rice Research Dept., Sakha Agricultural Research Station, ARC, Egypt through 2016 and 2017 seasons to study allelopathic activity of selected rice genotypes to integrate with herbicides use under field conditions and to assess genetic diversity using SSR markers linked to allelopathic activity. Six rice entries were used in field study included MBG-41, HHZ-12-SAL8-Y1-Y2, FFZ-1, Weed tolerant-1, Sakha 106 and non-allelopathic check Sakha 101. Pre-mixed herbicide Top Shot 6% OD (penoxsulam 1% + cyhalofop-butyl 5%) was applied at recommended and half doses as compared with untreated (weedy check) plots. Sakha 106 and Weed tolerant-1 performed the best in weed control, yield and yield attributes in both seasons, while Sakha 101 recorded the highest dry weights of studied weeds and lowest values of rice dry weight as well as grain yield and its attributes during both seasons. The recommended dose of Top Shot 6% OD was the best as compared to either half dose or untreated plots. Sakha 106 as allelopathic rice cultivar had same behavior under both recommended and half doses of herbicide in controlling grasses, sedges, broad leaves and total weeds, and produced the highest rice dry weight, grain yield and its attributes in both seasons. For molecular study, Rikuto Norin22 was used as identified allelopathic genotype. Four previously identified SSR markers linked to allelopathic activity in rice were used to study genetic diversity among studied rice genotypes. A total number of 13 alleles were generated and number of alleles per locus varied from 2 to 5. Heterozygosity (H e ) values ranged from 0.490 to 0.735 with an average of 0.607. Polymorphic Information content (PIC) values ranged from 0.37 to 0.685. Genotypes were clustered based on genetic background and allelopathic activity. The results demonstrated the power of SSR markers in detecting molecular diversity as they separated indica from japonica genotypes. SSR 227 was able to detect Weed tolerant-1 and Rikuto Norin22 and Sakha106. This marker could be a potential candidate for MAS-based allelopathic selection.
INTRODUCTION
Rice is considered as the main source of calories for more than half of the world's population (Carrijo et al., 2017) . The per capita consumption of rice is more than 50 kg per year globally (FAOSTAT, 2016) . The total harvested area in the world was approximately 167.25 million hectares produced about 769.66 million tons of paddy rice by average of 4.602 tons ha -1 (FAOSTAT, 2017) . In Egypt, about 6.38 million tons of paddy rice was produced from 685,908 hectares by average of 9.302 (t ha -1 ) as the highest yield from unit area over in the world (FAOSTAT, 2017) .
Weed control is considered the most serious challenge for rice cultivation especially direct seeded rice. Weeds can directly or indirectly negatively affect rice yield (Mahajan et al., 2009) . Weeds increase rice production cost because of herbicides use in addition to degrading rice grain quality consequently net income of rice production.
Weed flora in direct-seeded rice is a complex of grassy weeds (Echinochloa crus-galli, E. colona and Dinebra retroflexa), sedges (Cyperus difformis) and broad leaf weeds. Thus, individual herbicide application through rice growing season in broadcast-seeded rice is not effective. This is because of the ability of some weeds to still survive and/or had a quick recovery again after herbicide application in addition to the new generations of weeds that can grow during different times in the same season. Moreover, herbicide-resistance can occur because of frequent application for the same herbicide at the same area every year. This leads to usage huge amounts of herbicides (more than 40 registered herbicides) in rice cultivation in Egypt (Egyptian Agricultural Pesticide Committee, 2017) which causes environmental pollution.
Allelopathic activity is defined as the direct or indirect harmful or beneficial effects of one plant to another plant through release of biochemicals, known as allelochemicals into the environment (Rice, 1984) . Thus, allelopathy is a phytotoxic interference in most circumstances (Romeo, 2000) . Allelochemicals are present in all plant parts such as the root, stem, leaf, bud and flower (Inderjit, 1996) . Under certain conditions, allelochemicals are released into the environment as exudates from living plants as well as decomposition of plant residues in abundant quantities to inhibit germination and growth of adjacent and successive plants (Seigler, 1996 and Einhellig, 1999) .
Selecting or breeding for allelopathic rice cultivar which has the ability to prevent weed seeds germination or suppress their growth is an effective method to reduce herbicide use and pollution. Hassan et al., (1995) identified allelopathic rice cultivar that inhibited root development and emergence of the first or second leaf of Echinochloa crus-galli. The high allelopathic potential rice cultivar may be effective against one weed or many weeds, so that it must be tested against every weed species to determine allelopathic activity of certain rice genotype.
Herbicide rates used in rice can be minimized by exploiting weed suppressive allelopathic rice cultivars (Gealy et al., 2003) which may not add any extra cost (Jabran et al., 2015) . Allelopathy could be employed by integration with other cultural practices such as planting spaces, planting method and reduced herbicide rates (Shebl et al., 2007 and Abd El-Razek et al., 2014) .
Molecular markers improve selection efficiency for desired genotypes by using markers closely linked to the desired traits. Some studies have identified QTLs controlling allelopathic activity in rice. Jensen et al. (2001) identified four QTLs located on the three chromosomes, 2, 3 and 8, and collectively explained 35% of the total phenotypic variation. Ebana et al. (2001) and Okuno and Ebana (2003) identified seven QTLs associated with the allelopathic effect with LOD scores higher than 2.0 and explained 16.1, 15.1, 13.2, 12.5, 10.4, 9.6 , and 9.4% of phenotypic variation. Zeng et al. (2003) detected four QTLs related to rice allelopathic activity on chromosomes 3, 9, 10 and 12 with additive effects of 1.65, -1.44, 1.43 and -1.58, respectively. Lee et al. (2005) identified nine QTLs controlling allelopathic effects of rice on E. crusgalli on chromosomes 1, 2, 3, 4, 5, 8, 9 and 12. Of these, QTLs on chromosomes 1 and 5 were the most allelopathic and explained 36.5% of total phenotypic variation. Jensen et al. (2008) identified two QTLs located on chromosomes 4 and 7 and explaining 20% of the phenotypic variation. El-Denary et al. (2016) reported that among ten SSR markers studied, RM439 and RM164 were able to distinguish the rice genotypes with strong allelopathic activities.
The present study aimed to evaluate possible allelopathic potential of some rice genotypes against common weeds and the integration with herbicides use in the field and assess genetic diversity among studied rice genotypes using SSR markers previously identified for allelopathic activity in rice, as well as employ allelopathy phenomenon to reduce herbicide use in rice.
MATERIALS AND METHODS

A-Field study:
A field study was conducted at the Experimental Farm of Rice Research Dept., Sakha Agricultural Research Station, ARC, Egypt during 2016 and 2017 summer seasons to study the role of allelopathic activity in reducing herbicide use for rice weed control in Egypt. Pregerminated seeds of studied rice genotypes were broadcastseeded at seed rate of 120 kg ha -1 at 17 th and 23 th of May in both seasons, respectively. A split-plot design arranged in randomized complete block with three replications was used in both seasons. Main plots were devoted to the six rice genotypes while, the sub-plots included weed control treatments in both seasons. Plot size was 15 m 2 (3 x 5 m) in both seasons. The agricultural practices were applied as recommended for broadcast-seeded rice according to Rice Research & Training Center (RRTC, 2016) .
Studied factors: Rice genotypes:
Six rice genotypes were given by breeding program at Rice Dept., Field Crops Research Institute (FCRI), ARC, Giza, Egypt. Data on pedigree, origin and duration of studied rice genotypes are presented in Table (1) . Allelopathic rice genotypes MBG-41, HHZ-12-SAL8-Y1-Y2, FFZ-1 and weed tolerant-1 were selected from allelopathy screening field, Rice Res. Dept., from the previous screening seasons, Sakha 106 was selected as high allelopathic potential cultivar (Abd El-Naby, 2013), while Sakha 101 was non-allelopathic check according previous screening of RRTC. Top Shot 6% OD (penoxsulam 1% + cyhalofopbutyl 5%) as pre-mix herbicide was sprayed at 15 DAS in 300 liter water per hectare on wet land using Knapsack sprayer, then the soil was flooded after 24 hours from herbicidal application and water was kept for three days after herbicide treatment.
Data collection: I-Weed measurements:
At 60 DAS; weeds were sampled from 50 x 50 cm, replicated four times for each plot. Weeds were cleaned, classified into species, and air dried for two days, then dried in the oven at 70 °C up to constant weights, and the average weight was recorded in g m -2
. II-Rice growth measurements: 1-Dry weight of rice plants: was recorded at 60 DAS from four random samples (50 x 50 cm) of each plot, which was cleaned and weighed as fresh weight, then samples were air dried for two days, then oven dried at 70°C up to constant weight and the average weight was recorded as g m -2
.
III-Grain yield and its attributes:
At harvest, the following data on rice plants were recorded.
1-Number of panicles m -2
: The average number of random 1/4 m 2 replicated four times was counted in each sub-plot and panicles m -2 was recorded. 2-Panicle weight (g): It was estimated by weighing random ten panicles per plot and their average was estimated. 3-Number of filled grains per panicle: Average number of filled grains of random ten matured panicles was recorded. 4-Thousand-grain weight (g): It was recorded in random samples from 1000-grain weight (g) for each sup-plot.
5-Grain yield (t ha -1
): A central area of 6 m 2 for each supplot were manually harvested, air dried and thrashed, rice grain yield of each plot was adjusted to 14% moisture content and converted into tons per hectare.
Statistical analysis:
The collected data were subjected to proper statistical analysis of variance according to Snedecor and Cochran (1971) . Weed data were statistically analyzed by MSTAT-C Program after transformed according to squareroot transformation (√[˲ + 0.5]), while rice collected data were directly analyzed by MSTAT-C software then the means of both weeds and rice characteristics were compared by using Duncan´s Multiple Range Test (Duncan, 1955) .
B-Molecular study: Molecular analysis
Genomic DNA was isolated from fresh leaves of the studied rice genotypes seedlings at 21 days old using CTAB method described by (Murray and Thompson, 1988) in Rice Biotechnology Lab., RRTC. The extracted DNA was quantified on 0.8% agarose gel comparing to known concentrations of uncut λ genomic DNA. The DNA concentration was adjusted to approximately 50 ng/µl. Four SSR markers linked to allelopathic activity were used. The sequences of primer pairs are found on the Web database (http://www.gramene.org). Primers names, repeat motifs, chromosome number are found in Table (9) . PCR reactions were done in 15 µl reaction mixtures, containing 1.5 µl of template DNA, 1 µl of each forward and reverse primer (10 pmole/ µl), 7.5 µl of 2X PCR master mix (Promega, USA) and 4 µl ddH2O. PCR profile was as following: initial denaturation step at 94°C for 5 min, followed by 35 cycles of amplification (denaturation at 94°C for 1 min, primer annealing at 55°C for 30 seconds and extension at 72°C for 1 min) with a final extension at 72°C for 7 min followed by storage at 4°C. PCR was carried out using thermocycler machine from Biometra, Germany. Ten µl of DNA amplified products were loaded into 3 % agarose gel. using 1X TAE as running buffer and 50 bp DNA ladder (0.5 µg / µl, Fermentas) to determine the molecular size of the amplified fragments. Electrophoresis was conducted at 70 Volts for 2 hours.
Gels were then photographed using Biometra gel documentation unit (BioDoc, Biometra, Germany). The amplified fragments were scored for each marker based on the presence or absence of amplified fragments, generating a binary data matrix of 1 and 0 for each marker. Heterozygosity (H e ) and Polymorphic information content (PIC) for each SSR marker was calculated using POWERMARKER Ver3.25 (Lui and Muse, 2005 ). The data matrix was then analyzed using PAST, ver. 1.90 (Hammer et al., 2001) to calculate Jaccard's similarity coefficients, and construct the phylogenic tree using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA).
RESULTS AND DISCUSSION
A-Field study Weeds: Effect of rice genotypes Data in Table ( 2) showed significant differences among rice genotypes effects for dry weight of studied weeds during 2016 and 2017 seasons. Allelopathic rice genotypes significantly reduced weed biomass more than non-allelopathic one (Sakha 101) in both seasons of study. Sakha 106 rice cultivar recorded the lowest dry weight of Echinochloa crus-galli, Cyperus difformis, Ammannia baccifera and total weeds with no significant differences with Weed tolerant-1 rice genotype in both seasons. The FFZ-1 rice entry significantly equaled Sakha 106 and Weed-tolerant-1 in dry weight of C. difformis in 2016 season and total weeds in the second season. While the highest dry weights of studied weeds as well as total weeds dry weight were observed with Sakha 101 the nonallelopathic rice cultivar in the two seasons. These findings reflect high allelopathic potential of Sakha 106 and Weed tolerant-1 in suppressing germination of weed seeds and reducing growth of certain weeds, consequently providing a high weed management. It might be due to the released allelochemicals by both rice genotypes which transferred to weeds (recipient plant) and inhibited or minimized weed germination or/and decreasing both of shoot or root growth of undesirable weeds. Hassan et al., (1995) found high allelopathic effect of rice plants in inhibiting root development and emergence of the first or second leaf of barnyard grass. In Egypt, about 4000 rice entries were evaluated in field, greenhouse and laboratory from 1993 to 2001 for allelopathic activity, fifty three rice genotypes self-controlled E. crus-galli by 20-90% in broadcastseeded rice, seven rice entries controlled C. difformis by 50-70% and three rice entries self-controlled Dinebra retroflexa by 40-60% (Rice in Egypt, 2002) . Dass et al., (2017) reported that Japonica rice showed greater allelopathic activity than Indica and Indica-Japonica hybrids. 
Effect of weed control treatments
As shown from data in Table ( 3), the application of pre-mix herbicide Top shot 6% OD at recommended and half doses markedly reduced dry weight of E. crus-galli, C. difformis, A. baccifera and total weeds as compared with un-treated plots for the two seasons.
Top Shot 6% OD at recommended rate (penoxsulam 10 g ai ha -1 + cyhalofop-butyl 50 g ai ha -1 ) achieved the best weed control and produced the lowest dry weight of studied weed flora as well as total dry weight of total weeds during 2016 and 2017 seasons followed by the application of half dose of the same herbicide. On the other hand, weedy check plots recorded the highest values of E. crus-galli, C. difformis, A. baccifera and total weeds in both seasons of study. These results might be due to the high efficiency of such pre-mixed herbicide in controlling different species of weeds in broadcast-seeded rice by inhibition of cell-division and elongation, weakness of weed root growth (Raj and Elizabeth, 2015) , and negative effect of penoxsulam on protein structure for weed growth by inhibition of ALS synthase enzyme (Kogan et al., 2011) . Sen et al., (2018) reported that penoxsulam + cyhalofop butyl as a new mix-herbicide was effective in reducing dry biomass of sedges, grasses and broad leaf weeds, as well as higher growth, yield and yield attributes. 
Effect of interaction between rice genotypes and weed control treatments.
The interaction between rice genotypes and weed control treatments obviously influenced dry weight of total weeds during 2016 and 2017 growing seasons as presented in Table (4) .
The results showed that rice genotypes which have allelopathic effect i.e. Sakha 106, Weed tolerant-1, FFZ-1 and HHZ-12-SAL8 treated with the recommended rate of mixedherbicide Top shot 6% achieved the best weed control and recorded the lowest dry biomass of total weeds. No significant differences between Sakha 106 allelopathic rice cultivar treated with Top shot 6% OD at half dose in the two seasons, as well as Weed tolerant-1 in the second season. The maximum values of total weeds dry weight were obtained from un-treated plots cultivated with non-allelopathic rice cultivar Sakha 101 during both seasons. The high allelopathic activity of Sakha 106 and Weed tolerant-1 achieved best weed control and reduced herbicide dosage by 50%, thus allelopathy is considered effective aspect in weed management, reducing production cost and increase net income of rice crop. Similar results were obtained by Kim (2001) , Shebl et al., (2008) , Duke (2010) and Abd El-Razek et al., (2014) . Xu et al., (2018) concluded that planting allelopathic rice cultivars significantly decreased herbicides use and protect environment and biodiversity. 
Rice characteristics: Effect of rice genotypes
Data on rice dry weight, grain yield and its attributes as influenced by rice genotypes during 2016 and 2017 seasons are presented in Tables (5 and 6 ).
Allelopathic rice cultivar Sakha 106 achieved the highest dry weight, number of panicles m -2 , panicle weight per panicle, 1000-grain weight and rice grain yield during both seasons of study. Sakha 106 significantly equaled with Weed tolerant-1 for number of panicles per unit area in the first and second seasons, as well as rice dry weight and thousand grain weight in 2017 growing season.
For number of filled grains per panicle, Weed tolerant-1 surpassed all the tested rice entries in this trait during both seasons. On the other hand, the lowest dry weight, rice grain yield and its studied attributes were recorded by Sakha 101 as non-allelopathic rice cultivar through 2016 and 2017 seasons. The superiority of Sakha 106 and Weed tolerant-1 allelopathic rice genotypes might be due to the ability of such entries on reducing weed population and species by decreasing shoot and root systems growth, which resulted in better rice growth, producing more dry matter, more effective tillers, panicle weight and grain yield as a final task of previous condition. Shebl et al., (2008) who showed that all tested allelopathic rice entries significantly reduced dry weight of E. crusgalli and recorded the highest number of panicles m -2 and higher grain yield as compared to non-allelopathic rice cultivar Giza 176. Abd El-Naby (2013) found that allelopathic rice genotypes minimized weed distribution, reduced competition and produced desirable growth characteristics and enhanced yield. The obtained results are also in harmony with those obtained by Dass et al., (2017) . 
Effect of weed control treatments
It is obvious from data in Tables (7 and 8 ) that, weed control treatments significantly affected all studied traits of rice during 2016 and 2017 seasons.
The recommended rate of Top shot 6% achieved the highest values of rice dry weight, panicles m -2 , panicle weight, number of filled grains per panicle as well as 1000-grain weight and grain yield followed by the reduced rate of the herbicide in 2016 and 2017 seasons. Meanwhile untreated plots (weedy check) produced the lowest dry biomass, yield and yield attributes of rice through the first and second seasons. These results indicates the high efficiency of such herbicide penoxsulam + cyhalofop butyl when applied at recommended dose in killing grasses, sedges and broad leaf weeds in early stage, decreasing weed competitiveness ability against rice plants on growth resources ( nutrients, water, light and space) leading to better growth, yield and yield components of rice. These findings are in harmony with those reported by Hassan et al., (2008) , Kogan et al., (2011) and Sen et al., (2018) . Effect of interaction between rice genotypes and weed control treatments.
As observed from data in Figures (1 and 2 ), significant interactions between rice genotypes and weed control treatments were observed for number of panicles m 2 and grain yield of rice during 2016 and 2017 seasons. The application of mixed-herbicide penoxsulam + cyhalofop butyl at full dose with Sakha 106, Weed tolerant-1, FFZ-1 and Sakha 101 produced the largest number of panicles m -2 and grain yield with no significant differences with the combination of allelopathic cultivar Sakha 106 treated with Top shot 6% OD at half dose for both traits through 2016 and 2017 seasons. No significant differences were observed with Weed tolerant-1 rice entry under the application of Top shot 6% OD at half dose for number of panicles m -2 in the first season. On the other side, the lowest number of panicles per unit area and grain yield of rice was achieved by un-treated plots cultivated with Sakha 101 and MBG-41 rice entries for grain yield in 2016 and 2017 growing seasons. These results reflect the importance of allelopathic rice genotypes to reduce herbicide use for weed management, moreover allelopathic rice decrease production cost and save environment by reducing herbicide pollution, in addition it increase net return from rice production. These findings are in agreement with those observed by Shebl et al., (2008) , Abd El-Naby (2013), Abd El-Razek et al., (2014) and Dass et al., (2017) . 
B-Molecular analysis
Results of SSR analysis are presented in Table (9) . A total number of 13 alleles were generated by SSR markers across the studied rice genotypes. The number of alleles per locus for each marker varied from 2 to 5 with an average of 3.25 alleles per locus. RM164 generated the highest number of alleles (5), while both RM335 and RM511 generated the lowest number (2).
Heterozygosity (H e ) or gene diversity of a specific locus is defined as the probability that an individual is heterozygous for this locus in the studied population (Liu, 1998) . The higher the H e value, the more informative the studied locus. As observed in Table (9) , H e values ranged from 0.490 to 0.735 with an average of 0.607. The highest values were observed for RM227 (0.735) followed by RM164 (0.622). Similar findings for high H e values were obtained by Ramadan et al. (2015) . PIC value estimates the discriminating power of the DNA marker (Nagy et al., 2012) . As shown in Table ( 9), the highest PIC value of 0.685 was observed for RM227. Significant correlation coefficient (r = 0.977*) was estimated between PIC values for SSR markers and number of alleles for each marker. This result is in agreement with Lapitan et al. (2007) . Ramadan et al. (2015) reported wide range of PIC values varied from 0.21 to 0.79 with an average of 0.46. Figure  ( 3), indicated the amplified polymorphic alleles among the studied rice genotypes using four SSR markers. Among SSR used in the current study, RM227 was able to distinguish the varieties with allelopathic properties from the other genotypes. Both Japonica rice varieties Rikuto Norin22 and Sakha106 had specific allele with molecular size of 113 bp. In addition, another allele with molecular size of 135 bp was found in the indica rice variety Weed Tolerant-1. The other rice genotypes had different alleles with different molecular sizes. This result is in agreement with Jensen et al. (2001) who identified four QTLs controlling allelopathic potential in recombinant inbred lines (RILs) mapping population derived from a cross between the japonica cultivar with strong allelopathic activity IAC 165 and the indica rice variety with weakly allelopathic activity. CO 39. One of these identified QTLs was flanked by both SSR markers RM16 and RM227. Table ( 10) indicated the Jaccard's similarity coefficients among all studied rice genotypes. It was observed that the similarity values ranged between zero and 0.8 with an average value of 0.213. This result indicated the presence of high level of diversity among the studied genotypes. The highest similarity coefficient value was obtained between both indica genotypes HHZ12-SAL8-Y1-Y2 and FFZ-1. While, the lowest similarity coefficient value was found between both of japonica genotypes Rikuto Norin22 and Sakha101 from one side and the indica genotypes Weed Tolerant-1, HHZ12-SAL8-Y1-Y2 and FFZ-1 from the other side. Similar results were reported by Chakravarthi and Naravaneni (2006) , Ramadan et al. (2015) , Salgotra et al. (2015) and Ammar (2017) who observed wide range of genetic similarity values among rice genotypes
The genetic relationships among the studied rice genotypes were constructed using UPGMA method (Fig.  4) . All studied genotypes grouped into two major groups at similarity coefficient of 4% based on Jaccard's similarity index. The first major cluster A consisted of the 3 indica rice genotypes, while the second major cluster B formed from the 4 japonica rice genotypes. This result indicated the potential of SSR markers to distinguish indica from japonica rice genotypes. The main cluster A in the dendrogram was subdivided into two subclusters A1 and A2 at similarity value of 27%. The subcluster A1 included the allelopathic variety Weed tolerant-1, meanwhile the subcluster A2 included both genotypes HHZ 12-SAL8-Y1-Y2 and FFZ-1. Similarly, the main cluster B was also grouped into two subclusters, B1, B2, at about similarity value of 34%. The subcluster B1 included both japonica rice genotypes Sakha101 and MBG-41, while the subcluster B2 included both allelopathic varieties Sakha106 and Rikuto Norin22. These results indicated the power of used SSR markers to distinguish indica and japonica genotypes. The clustering of genotypes was largely based on genetic constitution and allelopathic activity. Similar results were obtained by Zeng et al. (2004) , El-Malky et al. (2007) , Zhu et al. (2012) and Ramadan et al. (2015) who reported the ability of SSR markers to identify the indica rice genotypes from the japonica ones. 
CONCLUSION
Based on the obtained results it could be concluded that Sakha 106 rice cultivar was the best in allelopathic activity against E. crus-galli, C. difformis, A. baccifera and total weeds and producing the highest rice dry weight, grain yield and its attributes when treated by Top shot 6% herbicide at recommended or half rates. SSR 227 marker detected Weed tolerant-1, Rikuto Norin22 and Sakha 106, so this marker could be a potential candidate for MASbased allelopathic selection.
